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Outline

Precision bottom and charm studies as an 
indirect path to discovering new physics

A new, high-speed tool that allows the CDF 
experiment (at the energy-frontier Fermilab 
Tevatron collider) to collect large, inclusive 
bottom and charm samples

What CDF can measure with these samples

A brief look at a future high-rate experiment 
that may allow the Tevatron collider to become 
a super-B-factory, once its energy-frontier 
days are over
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Particle physicists are the ultimate reductionists:
What are Nature’s most basic building blocks?

What rules do they obey?
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We’ve come a long way !

www.particleadventure.org
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To address these questions, we continue to build the large, 
specialized tools of the energy frontier
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I hope that our knowledge and our creativity will make our 
culture worth studying, 1000 years from now
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While big discoveries are often made at the energy frontier, 
even pioneers don’t head out to the frontier blindly

neutral currents in νN scattering pointed 
the way to Z (and W) boson discovery

b discovery told us that top should exist
we knew what its charge and spin should be, and 
how it should decay, before we found it

same weak mixing angle, θW, relates 
measured W,Z masses and W,Z couplings

we expect to find the Higgs particle 
responsible for this mechanism

νµ νµ νµ µ+

u u u d
Z0 W±

neutral charged
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The “indirect” strategy:

study the known puzzle pieces;
see what’s missing or what doesn’t fit

Are neutron decay 
and lambda baryon 
decay the same 
fundamental 
process as muon
decay?

× 0.95 ?

× 0.05 ?
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Cabibbo mixing angle was the missing piece

θC≈0.22
g sinθC

g cosθC

|cosθC|2 = 0.95

|sinθC|2 = 0.05
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g sinθC
g
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Indirect approach anticipates charm quark discovery

~1970:  known quarks & leptons
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Study K0 meson =  s d
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But measured K0 → µ+µ−

decay rate much smaller
than calculation

rare decay mode K0 → µ+µ-
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Proposed solution: there must be another quark!
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Destructive interference!
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K0↔K0 oscillation rate ⇒ predict charm quark’s mass
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K0 K0 K0 K0

Destructive interference not perfect, because mc ≠ mu

Σ amplitudes ∝

predict mc ≈ 1.5 GeV (1973)

c c meson (mass 3.1 GeV, ≈ 2×1.5 GeV) discovered in 1974, 
in high-energy collisions at BNL and SLAC

⇒ 1976 Nobel prize
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Today, there are many more puzzle pieces to study

6 quarks, 3 euler angles, 1 phase

6 leptons

lots and lots of amplitudes to check, 
some very small
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Let’s put the indirect approach to work, by collecting 
lots of b and c decays.  Maybe we’ll find new clues.

To make progress, you pick an unfinished region of the 
puzzle, and study the shapes carefully.  Bottom and charm 

decays are a promising region to study.
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Analogues of K0 → µ+ µ-

Small amplitudes
Analogues of K0 ↔ K0

Precision measurements
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Fermilab’s Tevatron collider produces lots of b’s, c’s

Very large Tevatron bb rate:

about 1 kHz of bb pairs, at nominal luminosity
σ(bb) ~ 100µb ( 10 kHz @ 1032 cm-2s-1 ),  10% “usable”

compare: about 5 Hz of bb pairs at Υ(4S), 
typical BABAR/BELLE luminosity

σ(bb) ~ 1nb ( 5 Hz @ 5×1033 cm-2s-1 )

Produce all states: B0, B+, Bs, ΛB, BC

cc rate also large (~ a few × bb rate)
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CDF, an existing Tevatron collider experiment, can already 
exploit this potential

“general-purpose” experiment at the 
energy frontier

facility, like large telescope: many 
researchers divide bandwidth
traditional mission: top, W, Z, SUSY, ...

Can we adapt CDF for b,c physics?
Yes, we did -- had to build the tools

Caveats:
“general-purpose” - not fully optimized for b physics
CDF can only record about 50 Hz to tape
proton collider is a challenging place to work
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Challenge #1: proton = “broad-band beam of quarks & gluons”

bb,cc

t t
W,Z

(Anti)proton momentum precisely known

But we’re really 
scattering 
quarks & gluons

C.O.M. energy of collision (GeV)

Ef
fe

ct
i v

e  
L u

m
in

os
it

y

4 numbers describe
bb C.O.M. frame:

Px, Py, Pz, M

2 of them we don’t
know at all

the other 2 we 
know very poorly



2003-04-14 Bill, U. Chicago
18

Proton AntiProton

“Underlying Event”

b

b

The BB pair at CDF is accompanied by O(10) charged particles.

Challenge #2: messy events

CLEO CDF
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CDF Detector

Silicon vertex detector
measures charged 
particle production
points,  b & c lifetimes

Drift chamber
measures charged
particle momenta

Solenoid provides
1.4 Tesla B field for
spectrometer

Calorimeter measures
electron, photon, and
hadron energies

Beam
axis

Muon chambers 
detect 
penetrating 
particles
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Particle signatures at CDF

generic (u,d,s) jet

b,c jet

Silicon
Vertex

Detector

Transverse 
view of 
detector
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A salient property of b,c decay: lifetime

Proton-antiproton
collision point

B decay vertex

Impact parameter (d)

d = “impact parameter”

track

~ 1 mmTransverse view
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-+

Charged 
particle 
trajectory

+
-

+

+
+

+ -
-
-

-

-+ -+ -+ -+-+

silicon
detector

“hit” = charge centroid

60µm

Position measurement (“hit”) for charged particle

3cm
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Why do you need a trigger?

Haystack

Vast majority of collisions; without a 
trigger, we would see only this

Needle

×1000 less frequent: bottom 
quark pair production

bq

q b
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Recap

Tevatron produces O(1kHz) of B’s “usable” by CDF

Tevatron produces 2.5 MHz of uninteresting events

CDF can write out 50 Hz total

To maximize the fraction of that 50 Hz that 
contains B’s, we select very quickly, based on 
lifetime information.

Use silicon microstrip 
detector to measure each 

particle’s impact 
parameter.

In the trigger (tens 
of microseconds).

Nobody has solved this problem 
at this rate before. 



2003-04-14 Bill, U. Chicago
25

Division of labor: 3-step selection

Level 1: ~ 5.5 µsec (pipeline ~14 beam crossings deep)
drift chamber tracks (charged particle trajectories)
look for 2 tracks with momenta > 2 GeV

Level 2: ~30 µsec    (“Silicon Vertex Trigger”)
fast silicon tracking (measure lifetime info)
look for 2 tracks with impact parameters > 120 µm

Level 3: ~ 1 second (using ~250 PCs in parallel)
full-precision tracking
confirm the fast hardware tracking measurements

2.5 MHz

25 kHz

250 Hz

50 Hz

Maximum
rates

~90%

~50%

~1%

~0.1%

b+c
purity
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“Silicon tracking” problem synopsis

Impact 
parameter

Beam 
spot

1mm

3cm15cm150cm

Outer
drift

chamber

Silicon
µstrip

detector
Silicon

close-up

Zoom-in
Input (every time Level 1 says “yes”):
outer drift chamber trajectories

azimuth and curvature only
silicon pulse height for each channel

Output (about 20 microseconds later):
trajectories that use silicon points 

improved azimuth and curvature
impact parameter: σ(d)=35um
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Three of SVT’s key techniques …

How do we measure particle trajectories in about 
20 microseconds per event, when software takes 
typically ~ one second?

(1)  Do everything you can in parallel and in a pipeline.
(2) Streamlined pattern recognition

Bin coordinate information coarsely into roads.
Examine all possible patterns in parallel (of course).
This is done in a custom VLSI chip.

(3) Linearize the fitting problem.
i.e. solvable with matrix arithmetic

The wisest are the 
most annoyed by the 
loss of time.  -Dante
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Trick #1: symmetry allows parallelism
6 electrical barrels

Z

2.5 cm

10.6 cm

x
y

Note “wedge” symmetry

Symmetric, modular 
geometry of silicon 
vertex detector lends 
itself to parallel 
processing

γβcτB ≈ 0.1 cm
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SVT data volume requires parallelism
2 

m
et

er
s

Reduces gigabytes/second to megabytes/second
Chicago, Geneve, Pisa, Roma, Trieste

0,1

2,3
4,5

6,7 8,9

10,11fan-out fan-in

20 (0.5) GB/s 100 (1.5) MB/sPeak (avg):
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Each 1/12 of detector is processed in its own assembly line

ADC counts hit coordinates

roads ( = “patterns” )

Outer track

Fitted tracks: P = (c, φ, d, χ2)

couter, φouter

x3

x2

x1

x0

Pi =
Σ Vij xj



2003-04-14 Bill, U. Chicago
31

2nd trick: streamlined track finding

1 2 3 4 5 6Road #

The way we find tracks is a 
cross between 

searching predefined roads
playing BINGO

Time ~ A*Nhits + B*Nmatchedroads

?
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Trick #3: linear fit

Fitted tracks: P = (c, φ, d, χ2)

couter, φouter

x3

x2

x1

x0

Circle(P) ∩ Planes at points x
x not in general linear in P

Pi =
Σ Vij xj

But for P > 2 GeV, d < 1 mm,
linear fit biases d ~ few %

⇒ no problem for trigger

We derive Vij by linear 
regression to Monte Carlo data

Trick #3a: use road as a hint
precompute Vij Xj

road

⇒ 250 nsec per fit !

example
Xj vs Pi
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Least squares fit is performed in programmable logic

The 6 scalar products are 
computed in parallel

Each fit done in 250nsec

u.

U. Chicago
Track Fitter Board
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Success !

35µm ⊕ 33µm
resol ⊕ beam

⇒ σ = 48µm

4 orders of magnitude 
faster than software

0       10     20     30     40    50
Silicon trigger latency (µs)

24 µs

comparable resolution

-500       -250           0            250        500
silicon trigger impact parameter (µm)
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First year’s results

Building a lifetime trigger for a proton 
collider experiment is a new approach.

After one year of data taking at CDF, 
we’re still learning, but we’re already able 
to do some new things.

I’ll illustrate one charm measurement we’ve 
already done and one bottom measurement 
we’re working on.
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CDF will reconstruct about 107 

charm decays in a few years’ 
data (2 fb-1) 

year 2002 (0.07 fb-1) already 3x 
sample of FOCUS experiment

already collecting more per year 
than B factory experiments

451000
in 2002

data

Some are born to discover J/Ψ,
some achieve photoproduction of charm,
and some have charm physics thrust upon ‘em

Large charm signals
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D0 → µ+µ−

Analogous to K0 → µ+ µ- search that led us to charm

ν
c

u
s

µ+

µ-
D0

Suppressed in Standard Model:    B.R. ≈ 3 × 10-13

c

u

µ+

µ-
q∼

New particle(s)

B.R. as large as 3 × 10-6 in some supersymmetry models

Previous searches: Branching Ratio < 4.1 × 10-6 @ 90% CL 
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π+

π-

µ+

µ-
reference signal

Key: inclusive trigger selection

Trigger uses only lifetime information: 
treats reference and signal equally

We distinguish them only at the final stage.

Different decay modes, but identical kinematics
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c
u

W+

D0

µ-

µ+

νs,d,b

standard model rate ~ 10-3 standard model rate ~ 10-13

mass(µ+,µ-) (GeV)mass(π+,π-) (GeV)
u

d
d
u

c
u

W+

D0 π-

π+

Reference channel:
~ 1350 events in
search window

Search channel:
0 events in

search window

Feb 2002 - Jan 2003 data
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Putting the numbers together,

Previous experiment’s limit was 4.1×10-6 @ 90% CL.
We should at least ~ triple our data sample this year

D0 → µ+µ−

63 104.2104.1
1350

3.2 −− ×=××

CLDBR %90@104.2)( 60 −−+ ×<→⇒ µµ

Poisson statistics
Reference branching ratio

Reference event count

New limit
B.R.  <
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Bs ↔ Bs
Analogous to K0 ↔ K0 measurement, with which charm 
quark mass was predicted

Experimental bound: Xs > 19  @ 95% CL 

t
b

s
t

s
b

Bs Bs

Bs ↔ Bs transformation rate
Xs ≡

Bs decay rate

Standard Model: Xs < 31

Currently, Bs measurements can be done only at the Tevatron
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Mixing 101

t

P(Bs) - P(Bs)

∆m = Γx = x/τ
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Mixing in the laboratory
To resolve the oscillations, we need 
to measure

Bs vs Bs at t=0

Bs vs Bs at decay

proper decay time

for large numbers of events

(at production)



2003-04-14 Bill, U. Chicago
44

Measuring Bs vs Bs at t=0
This is an art called “flavor tagging”

Several methods, none is perfect
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Measuring Bs vs Bs at decay
For most decay modes, this comes for 
free, from spectrometer charge 
measurements u

d
c
s

b
sBs

π+

Ds
-

d
c
s

b
sBs

π-

Ds
+

u

π+Bs

D-
s decay

daughters

π-Bs

D+
s decay

daughters
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Measuring proper decay time

π+Bs

D-
s decay

daughters

Measure decay
length L

L PB = Σ p

Measure Bs
momentum  PB

j j

t =   L / γβ = L mB / PB

NB: If Bs daughters include neutrinos, γβ is poorly measured
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CDF’s first B0,Bs → Dπ signals (2002 data)
B0 → Dπ mass spectrum Bs → Dsπ mass spectrum

B0 Candidate mass (GeV) Bs Candidate mass (GeV)

A good start.  But 1000s of events are needed.
Use more Ds decay channels
Continue to optimize trigger
Continue to run experiment
Continue to optimize accelerator

⇒

Missing
photon
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Bs flavor oscillations: recap

t
b

s

gVtb

gVts

t
s

b

gVts

gVtb

Bs Bs

t
b

d

gVtb

gVtd

t
d

b

gVtd

gVtb

B0 B0

∆ms has never been measured: only lower bounds exist.

CDF expects to make the first measurement, next year.
To get there, we need lots of B’s.
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25 meters

P P

The future??  
Dedicated, high-rate b,c experiments at Tevatron, LHC

Lifetime-based trigger a key 
feature -- as in CDF
Huge (1 kHz) output rate --
keep more of the B’s

Calorimeter & particle ID 
optimized for B physics
“Forward” detector -- B’s get 
large Lorentz boost
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Summary
In the indirect approach to discovery, we aim to 
study the known puzzle pieces closely.

To do this, we build tools, often making use of 
existing facilities, existing technology, and our 
instincts as experimenters.

CDF’s new lifetime trigger is already producing 
competitive measurements, with more to follow

The lifetime trigger concept may be extended 
by future proton collider experiments.
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VCKM CP
fermion
masses

Higgs

SUSY

dark
matter

gravity
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The End

Everything past this point is backup, notes, etc.



2003-04-14 Bill, U. Chicago
53

Interplay between direct and indirect discoveries

Often, many properties of new
particles are known, indirectly,
well before direct discovery.
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10-step assembly line
(“pipelining”)

10 people paint 1 house

1 line, 10 bank tellers

Level 1 uses mostly the 1st (some 2nd),
Level 2 uses mostly the 2nd (some 1st), and
Level 3 uses exclusively the 3rd.

Three different ways 10 people finish a 
job every ∆t that 1 person would do in 10∆t
Dividing the tasks among
specialized components

Dividing up the detector

Dividing up the events
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Introducing …  S V T

CDF Note 1421
by L. Ristori

May 1st, 1991

Both the name and the details of the physics
goals have evolved over time ...

“trigger”
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Our friends invested years in this Bingo game!

VME

AMbus

x16

x8
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Onward!
● Now that the heavy lifting is done, let’s 

see what we can do with this device ...

Drift chamber installation
Silicon installation
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Mechanical analogue

B
B B

B

Piano tuner uses 
the same trick

You can measure a
frequency difference
extremely precisely,
by measuring beats.

If x=25, then 
∆m/m ~ 2E-12
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Mixing: simplifications

Two important things that I will completely ignore:

(1) CP violation, i.e. that the two pendula may not 
be precisely interchangeable

(2) that the two normal modes may decay at 
different rates (e.g. energy is dissipated when the 
spring stretches and compresses)
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Measuring Bs vs Bs at t=0
This is an art called “flavor tagging”

Purity (“dilution”)   D = R-W
R+W

1 + cos(∆mt) → 1 + Dcos(∆mt)

Efficiency ε = R+W
total

N  → εD2 N
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Statistical significance of mixing signal

So important ingredients are:
Event yield N
Clean signals (S/B)
Vertexing resolution σt

Flavor tagging: εD2

⇒ We want as many “fully reconstructed”
(no neutrinos) events as we can get

unmixed - mixed vs t/τ


